This paper deals with reducing floor impact vibration and sound by using a momentum exchange impact damper. The impact damper consists of a spring and a mass that is contact with the floor. When a falling object collides with the floor, the floor interacts with the damper mass, and the momentum of the falling object is transferred to the damper. In this works a computational model is formulated to simulate dynamic floor vibration induced by impact. The floor vibration is simulated for various sized damper masses. A proof-of-concept experimental apparatus was fabricated to represent a floor with an impact damper. This example system consists of an acrylic plate, a ball for falling object, and an impact damper. A comparison between simulated and experimental results were in good agreement in suggesting that the proposed impact damper is effective at reducing floor impact vibration and sound by 25% and 63%, respectively.
Introduction
Floor vibration problems are common in many types of building structures. These vibrations can result from many sources (e.g., reciprocating machinery, explosions, and human activity). The human activities such as walking, dancing, jumping, etc have been reported as the most common problems. The forces resulting from these activities are particularly problem because they cannot be easily isolated from the structure and they occur frequently.
Many researches have been conducted to control floor vibrations. Early studies focused the research on the tuned mass dampers (TMDs). Allen and Pernica used TMDs consisting of wooden planks with weights on top for the reduction of annoying vibrations due to human walking (1) . Setareh and Hanson used TMDs to control the floor vibrations due to dancing in auditorium floor (2) . Webster and Vaicajtis used TMDs to control the annoying vibrations of a long-span cantilevered composite floor system due to human movements (3) .
Recent years, research efforts on active control are increasingly used for reducing floor vibration. Hanagan and Murray used active control to reduce vibration level of floors (4) , (5) . Even though active control has better performance than passive control, they have several disadvantages, such as needs for actuator, high operational costs, and high power requirements.
Here, a momentum exchange impact damper is used to control floor shock vibrations. The mechanism of impact dampers is described by considering the system shown in Fig. 1 . 
Flooring System with Impact Damper
In this work, an example flooring system consisting of floor (acrylic plate, 0.4 × 0.32 × 0.005 m, m f = 0.75 kg), support frame (steel), slab (concrete, 0.66 × 0.57 × 0.03 m) and wooden box (0.58 × 0.47 × 0.1 m) for the room bellow the slab was analyzed (Fig. 2) . The system has a novel impact damper placed between floor and a supporting slab. The impact damper is positioned in the center of the slab at O s . The impact damper consists of a mass supported by spring and air damper (k d = 507 N/m , c d = 40 Ns/m). The damper was designed to have lower damping coefficient for forward motion than that for the return motion. The purpose of this technique is to allow fast movement during the moment at which the impact takes place. A steel ball (d = 0.005 m) is glued to the impact damper mass. The steel ball contacts the floor at point O f which is located at the center of the floor. When the floor has an impact load, it will collide with the damper resulting in exchange of momentum between floor and damper. The impact force is generated by dropping a ball (tennis ball, m b = 0.054 kg and acrylic ball m b = 0.045 kg) from the height of 0.23 m onto point O f . The contact surface between wooden box and the slab was shielded by resin foam. This foam was used to block the transmission wave via the gap between slab and wooden box. Figure 3 shows the model of flooring system with momentum exchange impact damper. The governing equations for the structure consist of floor, support frame, slab and distributed linear spring are solved using Finite Element Method (FEM). Uniformly distributed linear springs are used to express the stiffness of resin foam located on the top contact surface of wooden box. Four-node quadrilateral plate elements were used to model both the floor and slab system. The support frame is modeled using three dimensional frame elements. 
Theoretical Model and Identification
where matrix M, C and K are the structure mass matrix, damping matrix and stiffness matrix, respectively, while 
where, e1, e2 and e3 denote the degree of freedom at the position of external forces f fb , f fd and f sd , respectively, while NDOF is the number of degree of freedom. δ i,j is delta function which can be expressed as
Contact force between floor and ball was modeled using nonlinear spring and nonlinear dashpot (6) . Thus, the contact force can be expressed as (
, 0 0, 0
where k cb and c cb are contact stiffness and contact damping coefficient between ball and
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floor, respectively, while u f is displacement of floor at point O f . Note that when the ball is in contact with the floor, the contact force affects the equation of motion and for out of contact case the equation of motion is not affected by contact force.
The transmitted force from impact damper to the slab can be expressed as
where k d and c d are the stiffness and damping coefficient of impact damper, respectively, while variable u s is displacement of slab at point O s . The impact damper damping coefficient for forward motion is very small and leads to
The contact force between floor and impact damper was modeled using Hertz contact theory
where k cd is contact stiffness between impact damper and floor. Equation (1) can be written in modal coordinates giving
where q i , ζ i , ω i , and i ψ are the modal displacement, damping ratio, natural frequency and mass normalized eigenvector for i th mode, respectively.
The parameters k cb and c cb were determined by reconciling the simulation results and the experimental results for the contact force time response as shown in Table 1 . The experimental results were obtained by dropping a ball from different initial heights on a small acrylic plate supported by a force sensor located in the center of the plate as shown in 
Sound Pressure Calculation
The transmitted forces from support frame and impact damper to the slab induce the vibration of the slab. According to the acoustic theory, the variation of velocity potential cause propagation of compressible wave inside the room below the slab as shown in Fig.7 .
The wave equation governing the propagation of small disturbance through a homogeneous and compressible fluid flow may be written in rectangular Cartesian coordinate as Fig. 7 The room bellow the slab where β, φ, and c described the acoustic damping factor, velocity potential, and sound speed, respectively. It should be noted that the complex term of damping factor jβ was including in the wave equation to express the energy losses because of air reflection on the wall and air dispersion. The velocity potential φ is combination of several acoustic modes. Hence, it can be expressed as
where n ω is frequency. n Φ in Eq. (14) can be expressed as multiplication of three partial 
n n x n y n z n j c ω β µ µ µ 
cos sin 
The constants B 1,n , B 2,n , C 1,n , C 2,n , D 1,n , D 2,n are determined by satisfying boundary conditions. The velocity field inside the room is relating to gradient of velocity potential as expressed in Eq. (24) ( )
Application of boundary conditions of rectangular room as shown in Fig.7 leads to
Journal of System Design and Dynamics
where v s is the normal velocity of the slab. The slab normal velocity can be expressed as 
where 
where q = 0,1,2,…,N/2-1, p = 0,1,2,…,N-1 and T s is sampling time. Substitution of the result in Eq.(32) into Eq.(31) and by assuming the acoustic mode n is equal to q yields ( ) 
and
where β q and ω q are acoustic damping factor, and acoustic natural frequency of the room, 
where a ρ is density of air.
Simulation Result
The initial ball dropping height was 0.23 m. First, the low impact load was applied to the simulation system. The low impact load was realized by dropping a tennis ball (m b = 0.054 kg) into the acrylic plate. The parameters k cb and c cb for tennis ball were interpolated from Table 1 Simulation results of sound pressure in the room bellow the slab is depicted in Fig. 9 . The simulation results show that for mass ratios of 0.6 and 1.2, the sound pressure could be reduced by 53% and 67%, respectively. In the frequency response, the attenuations of sound power spectrum at the 8 th mode for mass ratios of 0.6 and 1.2 are 4.6 and 7.7 dB, respectively.
It should be pointed out that the simulation results of floor acceleration response are The vibration suppression obtained by using impact damper is compared to conventional added mass method for high impact load case. The high impact load was obtained by dropping a mass with high contact stiffness to the floor. The mass tip was made from acrylic ball (m b = 0.045 kg). The contact stiffness between floor and acrylic ball was obtained from Table 1 . Three-simulation procedure was conducted. First, the response is calculated for case without damper. The second case is calculation using added mass 0.3 kg located in the center of the floor. The third case is calculation using impact damper with mass ratio 0.4(m d = 0.3 kg). The impact damper was used to suppress the low frequency vibration response excited by impact force. For this reason the low pass filter within 1 kHz frequency was used in the analysis. Figure 11 shows the simulation results of sound pressure generation in the room bellow the slab for high impact load case. As the soft impact case, the sound pressure response is dominated by rigid body mode. It can be shown from Fig.11 that the attenuation of sound pressure using impact damper is higher than the conventional added mass method. 
Experimental Result
The simulation result of floor acceleration and sound pressure generation in the room bellow the slab was tested experimentally. Experimental results for the case of low impact load using tennis ball are shown in Fig. 12 and Fig.13 . Figure 12 shows that the maximum acceleration is reduced by 10 % and 25% by using the impact damper with mass ratios 0.6 and 1.2, respectively. There are two peaks appear between 150 Hz and 400 Hz which are not detected in simulation result. These peaks may be resulted from non-center collision between ball and floor. The sound pressure response in the hypothetical room bellow the slab is shown in Fig.  13 . Sound pressure is reduced by 50% and 63 % by the damper for mass ratios 0.6 and 1.2, respectively. Frequency response in Fig. 13 shows that the attenuations of sound power spectrum at the 8 th mode for mass ratios of 0.6 and 1.2 are 2.55 and 2.79 dB, respectively. Figure 14 shows that the vibration suppression obtained by using impact damper for 8 th mode was better than that of added mass case. The resonance peaks for this mode are 24.2 dB and 28.3 dB for impact damper case and added mass case, respectively. The resonance peak of 18 th mode using impact damper is 31.4 dB. This value is lower than added mass case 32.8 dB. The sound pressure response is dominated by rigid body mode. The resonance peak of rigid body mode using impact damper and added mass method are 17.5 dB and 30.7dB, respectively. These results show that the attenuation of sound pressure generation using impact damper method is higher than that of the added mass method. 
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Conclusions
In the present research, a new impact damper device has been invented to absorb floor vibration and to suppress the resulting sound pressure level generated by a flooring system. A numerical model of flooring system was generated using a FEM formulation. The model was order-reduced by using modal analysis. A small-scale model of flooring system was then fabricated to show the effectiveness of impact damper in reducing the impact vibration. Finally, the experimental results were compared to the model simulation results. The maximum floor impact vibration and sound generation depended strongly on the impact damper mass ratio. The experimental results show that for a mass ratio of 1.2, the acceleration of the floor and sound pressure generated could be reduced by 25% and 63%, respectively.
Comparison of impact damper method to conventional added mass at the center of the floor was conducted for case of high impact load. The results show that impact damper has the better performance compare to added mass method in suppressing the floor acceleration and sound pressure generation.
